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Abstract 
A nanostructured surface layer was fabricated on 35# type carbon steel plate by using ultrasonic impact treatment 
(UIT) technique．The micro-structural features of the surface layer produced by UIT were characterized by optical 
microscopy (OM) observations, X-ray diffraction (XRD) and transmission electron microscopy (TEM), and hardness 
measurement was carried out in order to examine the hardness variation along the depth. Experimental results showed 
that the thickness of the plastic deformation layer varies from a few to about 100μm depending on the duration of 
UIT. Obvious grain refinement was observed and the gain size was about 10nm in the top surface layer. After UIT, 
the micro-hardness of the surface layer was enhanced significantly compared with that of the original sample, and the 
hardness increased when the duration of UIT increased. 
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1. Introduction 
The superior properties of nanostructured materials have drawn the attention and efforts of materials 
scientists over the last decade. Surface nanocrystallization (SNC) is a good way to fabricate a 
nanostructured surface layer on conventional coarse-grained materials [1]. Metallic materials with SNC 
possess novel properties and performances compared with their conventional coarse-grained 
polycrystalline counterparts [2-5]. 
Up to now, numerous approaches are employed to realize SNC, such as shot peening, surface 
mechanical attrition treatment (SMAT), ultrasonic shot peening, high energy shot peening, ball milling, 
high pressure torsion, sandblasting and wire-brushing, cold rolling [2, 6–12], and so on. However, there are 
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still some difficulties using this technique in the production and manufacturing processes because of the 
complex process of these methods and special shape or size of the treated materials. Ultrasonic impact 
treatment (UIT) technique is widely utilized to improve the materials’ fatigue strength and relax welding 
residual stress [13-17]. It’s a method to induce sever plastic deformation to material surface. By far only a 
few recent studies have paid attention on fabricating SNC structure by using UIT technique [15, 16] or the 
similar techniques, for instance, ultrasonic cold forging technology and ultrasonic surface rolling 
processing [17, 18]. UIT technique is fine adaptive control of the process parameters, and one will operate 
UIT equipment more easily comparing with the methods mentioned above. In this paper, we used this 
technique to realize SNC easily on 35# type carbon steel. The micro-structural evolution was 
characterized by means of some different techniques, and the hardness variation was also studied. 
2. Experimental 
A commercial 35# type carbon steel plate (φ100mm×10mm in size) with chemical composition 
(mass, %) of 0.35C, 0.27Si, 0.61Mn, 0.021S, 0.024P, 0.040Cr, 0.028Ni was subjected to UIT. Before UIT, 
the plate surface was processed on a grinder to achieve a smooth surface. The average grain size of the 
carbon steel plate is 20-100μm. 
The UIT equipment is made up of an ultrasonic generator, a transducer, an amplitude transformer horn 
and the impact head installed on the horn tip. The equipment used in this work is HY/2050 UIT 
equipment made in China with a frequency of 20 kHz, an input voltage of 220V, a current of 2.39A, a 
power output of 600-1000W and an amplitude output of 50μm. The basic concept of the UIT of flat 
surfaces has been described in Ref[15]. There is only one pin which is different from other UIT equipment 
[15, 16], as shown in Fig.1. 
 
Fig. 1. Schematic of the UIT process (1) amplitude transformer horn, (2) head body, (3) pin, (4) sample 
In this work, the mechanical energy P injected per impact and vibration frequency of the pin are 
constant, therefore the effect of the UIT treated on the surface is only determined by the treated duration 
and the treated area. We choose the same area, and the treated duration is the key content of this study. To 
simulate using this technique in the production and manufacturing processes, the UIT process is 
conducted by hand. When the equipment is working, one should purposely make the pin and the treated 
surface vertical, ensure the impact velocity (V, as shown in Fig.1.) constant (0.4 m/min), and follow a 
designed path which will avoid obtaining a corrugated surface and inhomogeneous surface layers 
structure and properties. Three regions with the same areas of 30×30mm2 were selected on the 35# type 
carbon steel surface to treat, and the treating duration of each region was 15min, 30min and 60min 
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respectively.  
The microstructures of the samples’ cross-section after UIT for different times were examined by 
using optical microscopy (OM). XRD analysis of the surface layer was carried out in a D/MAX 2550 
diffractometer with an operation voltage of 40 kV using Cu-Kα radiation. Small angular steps of 2θ= 0.02 
were taken to measure the intensity of each Bragg diffraction peak. The average grain size was calculated 
in terms of the line broadening of Bragg diffraction peaks, by using the Scherrer and Wilson equation. 
The microstructure of the 60min UITed sample’s surface layer was characterized by using a JEM-2010 
transmission electron microscopy (TEM). The micro-hardness of the nanocrystalline surface layer and its 
variation along the depth from the treated surface layer were measured by using a HXD-1000TM 
Vicker’s hardness tester with a load of 100g and duration of 15 s. 
3. Results and discussion 
Fig.2 shows a cross-sectional OM observation of the steel samples after UIT for different times. 
Obviously, for all of the samples, the microstructure morphologies of the UITed surface layer are quite 
different from that in the matrix. Evidences of severe plastic deformation are seen in the surface layer, in 
which grain boundaries can’t be clearly identified as they can be in the matrix. The thickness of the 
plastic deformation layer increases form ~30μm (a) to ~100μm (c) with the increasing duration of UIT, 
and it’s not uniform form place to place, indicating the heterogeneity of plastic deformation induced by 
this treating method.  
 
 
Fig. 2. Optical observation on the cross-section of the sample after UIT for 15min (a), 30min (b) and 60min (c).  
The XRD patterns of the steel samples before and after UIT are shown in Fig.3. It is observed that 
after UIT, there is an evident broadening of the Bragg reflections and a slight shift in the centroid position 
of diffraction peaks relative to the coarse-grained sample. This is attributed to grain refinement and 
micro-strain of the crystalline lattice. This phenomenon is common in many SNC materials [2, 4, 5, 7]. The 
average grain size of the surface layer after UIT was calculated by using the Scherrer and Wilson method. 
For the sample treated for 15 min, the average grain size was about 23.1±4 nm. With an increase of the 
treating duration, the average grain size is 19.3±2nm (treated for 30 min) and 16.2±4nm (treated for 60 
min) respectively. This result suggests that with an increase of the treatment duration, the average grain 
size of the top surface layer reduces. 
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Fig. 3. XRD patterns of the 35# type carbon steel before and after the UIT 
Fig. 4 shows a bright-field TEM image (a), a high-resolution TEM image(b) and the corresponding 
selected area electron diffraction (SAED) pattern of the top surface layer in the 35# type carbon steel 
sample UITed for 60min. It is clear that the microstructure is characterized by ultrafine equiaxed grains 
with random crystallographic orientations, as indicated by SAED pattern. The average grain size of the 
top layer is ~10 nm and the grains at the top surface are uniform. The experimental results clearly 
demonstrated that nanostructures developed in the surface layer of the 35# type carbon steel during the 
treatment. 
 
 
Fig. 4. Bright-field TEM image (a), a high-resolution TEM image (b) and the corresponding SAED pattern insert of the top surface 
layer in the 60min UITed 35# type carbon steel 
 Fig.5 shows the variation of hardness along the depth from the treated surface for different duration. It 
can be seen that the hardness on the UITed surface are 300 Hv0.1 (for 15min UITed sample), 340 Hv0.1  
(for 30 min UITed sample) and 400 Hv0.1 (for 60 min UITed sample) respectively. The hardness 
increases when the duration of UIT increases. For sample UITed for 60min, the hardness in the top 
nanocrystalline layer is about 400 Hv0.1 and it decreases gradually with depth (about 200 Hv0.1 in the 
matrix). The hardness on the treated surface is two times as much as that in the matrix, and it decreases 
gradually with depth. The similar results can also be found in the 15min and 30min UITed samples, 
which agree well with other reports of ultra-fine grain materials [2, 4, 18]. This phenomenon can also be 
found in the 15min and 30min UITed samples. The results indicate the thickness of the deformed layer is 
~100μm which agrees with the microstructure observations (Fig.2 (c)).  
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Fig. 5. Variations of the micro-hardness along the depth from the top of the UIT samples for 15min, 30min and 60min 
4. Conclusions 
1. A nanostructured surface layer was successfully obtained on 35# type carbon steel plate by using 
UIT technique. The thickness of the plastic deformation layer varies from a few to about 100μm 
depending on the duration of UIT. Obvious grain refinement was observed and the gain size is 
about 10nm in the top surface layer. This work demonstrates that the UIT technique provides an 
effective approach for forming a SNC layer on the surface of metallic materials.  
2. After UTP, the micro-hardness of the surface layer was enhanced significantly compared with  that 
of the original sample, and the hardness increases when the duration of UIT increases. 
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